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CONVERSION FACTORS

For use of readers who prefer to use metric units, conversion factors for
terms used in this report are listed below:

Multiply By To obtain

inch (in.) 25.4 millimeter (mm)

foot (ft) 0.0348 meter (m)

mile (mi) 1.609 kilometer (km)

square inch (inz) 645.2 square millimeter (mmz)

square mile (miz) 2.590 square kilometer (ka)

cubic inch (in3) 16.39 cubic centimeter (cm3)

gallon per minute 0.630 liter per second (L/s)
(gal/min)

million gallons per day 0.0438 cubig meter per second
(Mgal/d) (m™/s)

Temperatures in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C)
as follows:

°F = 1.8°C + 32

vi



TYPES, FEATURES, AND OCCURRENCE OF SINKHOLES
IN THE KARST OF WEST-CENTRAL FLORIDA

By William C. Sinclair, J. W. Stewart, R. L. Knutilla,
A. E. Gilboy, and R. L. Miller

ABSTRACT

Sinkholes are a natural and common geologic feature in areas underlain by
limestone and other soluble rocks. Four major types of sinkholes are common
to west-central Florida. They include limestone-solution, limestone-collapse,
cover-subsidence, and cover-collapse sinkholes. The first two occur in areas
where limestone is bare or is thinly covered. The second two occur where there
is a thick cover (30 to 200 feet) of material over limestone.

Limestone-solution sinkholes result from subsidence of overlying materials
that occurs at approximately the same rate as dissolution of the limestone. The
sinkholes reflect a gradual downward movement of the land surface and development
of funnel-shaped depressions. Limestone-collapse sinkholes occur when a solution
cavity grows in size until its roof can no longer support its weight, causing
generally abrupt collapse that is sometimes catastrophic.

Cover-subsidence sinkholes develop as sand in the cover material moves
downward into space created in limestone by dissolution. Resultant sinkholes
develop gradually and are generally only a few feet in diameter. Cover-collapse
sinkholes occur where clay layers that overlie limestone have sufficient cohe-
siveness to bridge the developing cavities in the limestone. Eventual failure
of the bridge results in a cover-collapse sinkhole that may develop suddenly.

Large withdrawals of water for various uses may provide a triggering
mechanism for sinkholes to occur. Loss of water's buoyant support of unconsol-
idated deposits that overlie cavities can cause the materials that bridge the
cavity to fail and sinkholes to appear. Conversely, loading of the land sur-
face by construction, such as impoundments, may cause collapse of materials
that bridge cavities and sinkholes to develop. Impoundments may also provide
continuous sources of recharge water and hasten development of cavities in
limestone.

West-central Florida was divided into seven zones based on geology, land-
scape, and geomorphology and the relationship of these factors to the types of
sinkholes that occur in each zone. The zones are: (1) areas of bare or thin
cover that experience slow developing limestone-solution sinkholes; (2) areas



of thin cover, little recharge, high overland runoff, and few sinkhole occur-
rences; (3) areas of incohesive sand cover of 50 to 150 feet that have high
recharge and generally experience cover-subsidence sinkholes; (4) areas that
have 25 to 100 feet of cover, many sinkhole lakes, and cypress heads and expe-
rience predominantly cover-collapse sinkholes; (5) areas of 25 to 150 feet of
sand cover overlying clay that experience cover-collapse and cover-subsidence
sinkholes; (6) areas with more than 200 feet of cover, numerous lakes and sink-
holes, and high land-surface altitudes that experience numerous cover-subsidence
sinkholes and cccasional large-scale cover-collapse sinkholes: and (7) araas
with cover greater than 200 feet that have 100 or more feet of clay with high
bearing strength and low leakance that preclude infiltration of corrosive water
and development of sinkholes; however, some cover-collapse sinkholes do occur.

INTRODUCTION

Sinkholes are a natural and common geologic feature in areas underlain by
iimestone and other rock :ypes that are soluble in natural water. Topographi-
cally, sinkholes are usually identified by closed depressions in the land sur-
face. 1In west-central Florida, sinkholes are formed by solution of near-surface
limestone or by collapse of near-surface materials into underlying solution
cavities. Siakholes are a part of the erosion process analagous to valleys that
are carved by rivers in areas underlain by insoluble rocks.

Many lakes in central and west-central Florida are the result of sinkhole
coliapse. However, when it is realized that these lakes represent sinkholes
that have occurred during the past 2 to 5 million years, the frequency of their
occurrence is not great.

Sinkholes that collapse abruptly occur infrequently under natural condi-
tions. The abrupt collapse-type sinkholes, however, have occurred at increasing
rates during the past few decades, not only in west-central Florida, but through-
out the world. The cause of this increase in sinkhole occurrence can generally
be attributed to activities of man, such as pumping of ground water, dredging
or diversion of surface water, or construction of reservoirs and ponds. Man
imposes abrupt stresses on land that can induce or hasten development of sink-
noles. Induced sinkholes can be a hazard in developed and developing areas of
west—-central Florida, and their occurrence is expected to continue.

An understanding of sinkholes and their relation to the hydrologic system
will become increasingly important as stresses on the svstem intensiiy and the
likelihood of sinkhole occurrence increases. Thus, in 1979, the U.S. Geological
Survey, in cooperation with the Southwest Florida Water Management Districc,
began this study to determine hydrogeologic factors that control sinkhole
occurrences in west-central Florida.

Purpose and Scope

The objectives of the study are to describe hydrogeologic factors that
control sinkhole development and to distinguish types of sinkholes common to
west-central Florida. An understanding of natural factors in the hydrologic



and geologic setting, such as topography, drainage patterns and densities,
thickness and type of surficial materials, thickness of confining beds, head
differences between water levels in surficial and artesian aquifers, and
surface-water and ground-water flow patterns, will provide insight to natural
sinkhole development and sinkhole development caused by man's activities. The
information is needed to assist in determining the potential for sinkholes to
occur and their mode of occurrence.

The study area includes about 10,000 mi2 in west-central Florida (fig. 1).
Boundaries of the area are those of the Southwest Florida Water Management
District (SWFWMD). The report provides a map of geomorphic units that are clas-
sified by sinkhole occurrence, density, and type. Also provided are a tabulation
of reported sinkholes, their locations, dates of occurrence, and descriptiouns,
and a discussion of signs warning of sinkhole development.

This report supplements and amplifies the statewide map report ''Sinkhole
type, development, and distribution in Florida,'" by Sinclair and Stewart (1985).
In particular, the four areas of sinkhole occurrence in the statewide report have
been subdivided herein into seven zones and the category of solution sinkholes
has been subdivided into limestone-solution and limestone-collapse sinkholes.
Zones 1 and 2 herein comprise Area I of the statewide report; zone 3 comprises
Area 1I; zones 4, 5, and 6 comprise Area III; and zone 7 comprises Area 1V of
the statewide report.

Description of Area

West-central Florida is characterized by relatively flat, generally
swampy lowlands in coastal areas and by gently rolling hills in inland areas.
Except for a coastal ridge in central Pinellas County that has altitudes as
much as 100 feet above sea level, coastal areas are less than 50 feet in alti-
tude (fig. 2). Cross sections that illustrate the topography are shown in
figure 3.

In the southern half of the area, the low-lying coastal plain gradually
rises toward the east, butting against sand-covered ridges that have altitudes
of more than 150 feet above sea level (figs. 2 through 4). Within the ridge
area are numerous sinkhole lakes--circular sinkholes that have filled with
water. Surface drainage in the south is relatively well developed.

In the northern half of the area, the low-lying coastal plain also butts
against sand ridges trending in a north-northwesterly direction (fig. 4). East
of the Brooksville Ridge, the topography is subdued. The northern area has
numerous swamps, lakes, and shallow sinkholes. Irregular karst topography and
poorly developed surface drainage occur in the northern areas. From the northern
part of Pasco County northward, surface drainage, except for the Withlacoochee
River, is essentially nonexistent. The only rivers are near the coast and they
discharge water from springs. Virtually all springflow is discharge from the
Upper Floridan aquifer.
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West—-central Florida is not a bleak, waterless place, but many features
of its landscape are due to dissolution of limestone bedrock and are properly
termed karst features. Where limestone is exposed, karst features are obvious.
Throughout most of west—central Florida, however, the limestone is covered with
an overburden of sand and sandy clay. The effects of karst processes on the
underlying limestone become apparent when the unconsolidated sand and clay sub-
side or collapse into solution cavities. Landforms of this nature are desig-
nated "mantled karst'; the karst processes are reflected at land surface. The
term "buried karst'" is applied to terrane where the overburden is thick and has
enough bearing strength to lessen subsidence or collapse. In these terranes,
dissolution activity within the underlying limestone may not become apparent
at land surface.

The Florida peninsula is largely developed on Tertiary limestone that
locally has been uplifted and differentially dissolved. The result is a
pattern of physiographic features that have generally low relief. Geologic
structure and stratigraphy are primary controls on karst development. White
(1970) characterized structurally high areas, such as the northern third of
the study area, as ''dead zone'" karst that contains many steep-walled sinkholes,
abandoned springheads, dry stream courses, intermittent lakes, and dry beds of
former shallow lakes that are now prairies. South of this area, the limestone
bedrock dips downward and is overlain by several hundred feet of clastic strata.
Broad, shallow sinkhole lakes are common in lowland areas and small deep sink-
hole lakes that apparently represent a complex geologic history occur in the
ridge areas.

Karst development in west-central Florida is controlled by lithology and
water movement, dissolution by chemically aggressive water, aquifer material,
and sea levels., Sweeting (1973) described the difference between karst and
nonkarst areas as follows:

"As a result of the solution of the rock, drainage in limestones sinks
into the ground and does not become integrated into surface rivers, whereas
in nonkarst areas the surface water becomes organized and systematized into
valleys to form a connected network. The surface and underground relief fea-
tures in limestones are shaped in a vertical sense. The parts of the surface
where the water sinks into the ground become isolated from one another, so
that the relief forms appear unconnected and disparate; hollows or pits are
formed where the drainage sinks into the ground, giving the landscape a pitted
character. Thus the landforms of limestone areas and the processes which give
rise to them are so distinctive that they are now known universally as karst
landforms and karst processes."

Lithology and Water Movement

The lithology or physical properties of carbonate rock control the amount
of rock surface that is exposed to chemical corrosion and the way water moves
through the rock. The thickness of rock beds, clay content, texture, grain
size, and brittleness determine whether flow is diffused through the many
primary openings or is channeled through the few secondary openings. Very
few limestones retain their primary openings by the time they are lithified.
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Ground-water flow, therefore, is commonly often through secondary openings that
have developed along joints, faults, bedding planes, and erosional surfaces. The
most common of these secondary features are joints that were formed by tensional
or compressional stresses and bedding planes that mark stages of deposition and
were susceptible to chemical corrosion. Faults, especially if surrounded by a
zone of fractured rock, commonly form conduits for water movement. If the rock
is highly pulverized or clays occur along the fault plane, faults may act as
barriers to water flow. Erosional surfaces are the least common of the princi-
pal types of secondary openings, but many are favorable for ground-water flow.

The amount of rock surface exposed to corrosion is small in relation to
the volume of rock. Thus, dissolution of the rock is more apt to develop a few
large conduits. When reefs and reef debris lithify, they usually form rock that
has numerous voids and passages. Flow through this type of rock is diffused,
and the rock surface exposed to corrosion is large in relation to volume. Num-
erous small, interconnected conduits are developed, and the rock generally has
the appearance of Swiss cheese, but major conduits are rare.

When calcareous sediment lithifies, it forms a dense, essentially impervi-
ous rock, and water movement is confined to bedding planes, erosional surfaces,
joints, and other physical features. Soluble materials that comprise the total
surface area of the rock are removed, but insoluble materials remain and may
accumulate in the openings. In addition, material from adjacent areas may be
carried into the solution-formed openings. Dissolution by circulating water is
primarily along conduit walls. The conduits, thus, rapidly enlarge and become
major openings through which water moves freely.

Dissolution of Aquifer Materials

The Floridan aquifer system is composed of approximately 65 percent cal-
cite, 34 percent dolomite, and minor amounts of gypsum (Back and Hanshaw, 1971).
Calcite and dolomite are the dominant minerals and are of major importance in
terms of dissolution and sinkhole development. However, gypsum is highly
soluble and contributes to sinkhole development in some areas.

The geochemistry of calcite, dolomite, and gypsum is relatively straight-
forward. These minerals have relatively simple structures, and processes of
dissolution involve rapid reactions even in dilute solutions. Thus, quantita-
tive rules of chemical equilibrium are particularly effective as a basis for
predicting rates of limestone dissolution and land subsidence.

The dominant factor that determines the ability of recharge water to dis-
solve calcite and dolomite is acidity of the water. Also, temperature, and to
a lesser degree pressure, affect solubility rates., If recharge water has high
ionic strength and low concentrations of calcium, magnesium, and carbonate, its
ability to dissolve these minerals is enhanced.

Rain water, the primary source for recharge water, is naturally acidic.
If rain water is in equilibrium with atmospheric carbon dioxide, it has a pH
of about 5.6 units. The pH of rain water may be lowered by air pollution, thus
enhancing the ability of rain water to react with aquifer materials. However,
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air pollution has been of little significance in terms of dissolution and de-
velopment of sinkholes that occur over geologic time. Acidic gases, such as
sulfur dioxide, hydrogen sulfide, and oxides of nitrogen, may also contribute
to the acidity of rain water.

The major source of acidity in natural ground water is carbon dioxide
from bacterial decomposition of organic matter in the soil zone. The amount
of carbon dioxide in the soil zone may be several hundred times that in rain
water (Stumm and Morgan, 1970). This results in ground water that has a pH of
about 4 units and, thus, enhances dissolution of limestone. Chemical reactions
that are related to dissolution of carbon dioxide in water and subsequent dis-
solution of limestone minerals are as follows:

Cco P —— Cco
2 (gas) - = 2 (aqueous) (1)
(gaseous carbon dioxide) (aqueous carbon dioxide)
COZ (aqueous) + HZO —_ H2CO3 (2)
(aqueous carbon dioxide) (water) (carbonic acid)
H,CO +  CaC0, =— ca™t + 2HCO,,
2773 3 —/——= 3 (3)
(carbonic acid) (calcite) (calcium ion) (bicarbonate ion)
2H,CO, + CaMg(CO.,), e _ ca’t o+ Mg’ t + 4HCO,,
2773 327/ 3 %)
(carbonic (dolomite) (calcium (magnesium (bicarbonate
acid) ion) ion) ion)
Most dissolved carbon dioxide remains in the unhydrated form CO2 aquequs) and
does not form carbonic acid (H CO3). The ratio of CO2 (aqueous) éoqﬂ2883 is
650 to 1 (Stumm and Morgan, 1930). aq

Because calcite dissolution is the predominant chemical cause of sinkhole
occurrence in the study area, special attention will be given to the calcite
dissolution process. Recharge water that contains carbon dioxide dissolves
calcite to produce two bicarbonate ions and one calcium ion for each carbon
dioxide molecule that reacts. A small amount of carbonate ions will also be
dissolved until equilibrium with calcite is reached. Because initial concen-
trations of carbon dioxide in recharge water and degree of undersaturation are
generally unknown, another approach to calculate the rate of calcite dissolu-
tion and cavity formation is desirable. Alkalinity provides a measure of the
amount of calcite that has dissolved without knowledge of initial carbon diox-
ide concentrations or the degree of undersaturation. Alkalinity of water from
a limestone aquifer can come only from dissolution of carbonates, such as cal-
cite or dolomite, rather than from carbon dioxide, which is an acid. Although
carbon dioxide permits more alkalinity, all alkalinity comes from the carbonate
rock whether it occurs as two bicarbonate ions because of reaction with carbon
dioxide or as one carbonate ion that is unreacted with carbon dioxide.
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The volume of calcite that is dissolved in a pure calcite aquifer is
described by the following equation:

-7
Vc = 3,70x10 x recharge x alkalinity (5)
where . . . ..
VC = volume of dissolved calcite, in cubic inches per square
inch of surface area;
recharge = recharge rate, in inches per year; and
alkalinity = alkalinity, as CaCO,, in recharge water as a result of

dissolution of calcite, in milligrams per liter.

For a pure dolomite aquifer, the coefficient in equation 5 would be 3.21x10—7.

Equation 5 can be used to estimate the rate of cavity formation when used
with average recharge rate, concentration of alkalinity near the bottom of the
zone where sinkhole formation occurs, and an estimate of how concentrated ground-
water flows are in solution channels or fractures as compared to average recharge
rates for an area. For example, if the average annual recharge rags is 5 inches
and the_glka}inity is 200 mg/L as CaCO,, from equation 5: 3.70x10 " x 5 x 200 =
3.70x10 in~ of calcite will dissolve beneath each square inch of land surface
each year.

If the area near a fracture receives 10 times the average recharge Egcauge
of concentration of ground-water flow, 10 times as much calcite (3.70x10 in™)
could dissolve each year under each square inch of land surface. This rate of
dissolution would regglt in development of a l-foot deep cavity in about 3,200
years [12 + (3.70x10 7)].

In natural ground water, the solubility of gypsum is independent of pH.
The capacity of ground water to dissolve gypsum is controlled by concentrations
of calcium and sulfate ions, ionic strength, temperature, and pressure. The
dissolution of gypsum is described by the following equation:

H ——
Ca304-2H20 pra— Ca + SO4 + ZHZO (6)

(gypsum) (calcium ion) (sulfate ion) (water)
The dissolution of gypsum can be described by the following equation:

)]

Vg = 7.73x10-7 x recharge x SO4

where
V = volume of gypsum dissolved, in cubic inches per square inch
&  of land surface;

recharge = recharge rate, in inches per year; and

SO4 = concentration of sulfate in recharge water, in milligrams
per liter.

This equation does not account for sulfate reduction by bacteria.
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Back and Hanshaw (1971) describe a method of estimating from a chemical
analysis for calcium, magnesium, and sulfate the amount of calcite, dolomite,
and gypsum that would have dissolved to produce a 1984 water sample from the
Floridan aquifer system, assuming that saline water has not mixed with recharge
water. Their equations were used to derive an equation that could be used to
estimate the volume of calcite, dolomite, and gypsum that has dissolved. The
equation is as follows:

_ -7 -6 _ -7
Vc,d,g = [(9.213x10 " x Ca) + (1.122x10 x Mg) + (3.88x10 X 804)] (8)
x recharge
where
Y = volume of calcite, dolomite, and gypsum dissolved, in cubic
c,d,g . .
inches per square inch of land surface;
recharge = recharge rate, in inches per year; and

Ca, Mg, and SO4 concentrations, in milligrams per liter.

The equations for dissolution of carbonates and gypsum do not account for
changes in solubility that are caused by changes in temperature and pressure.
Solubility of carbonates is related to solubility of CO,, which is inversely
proportional to changes in temperature and directly proportional to changes in
pressure. Gypsum is a mineral whose solubility increases with increasing tem-
perature and pressure.

The following example uses equation 8 and a typical water sample for the
Bartow area to estimate the quantity of material dissolved under each square
inch of land surface per year. The concentrations of calcium, magnesium, and
sulfate in the water sample are 51, 22, and 3.9 mg/L, respectively (Miller and
Sutcliffe, 1982). The annual recharge rate for the area is about 5 inches.
Substituting these values in equation 8 results in the following:

7

4 [(9.213x10‘7 x 51) + (1.122x10’6 x 22) + (3.88x10°

c.d,g x 3.9] x5

3.66x10”% in3/yr.

Thus, 3.66}{10_4 in3 of material would dissolve under each square inch of land 4

surface per year. At this rate, it would take about 33,000 years (12 +* 3.66x10 )
to dissolve a l-foot deep cavity. Because ground-water flow is concentrated in
faults and fractures, however, recharge and dissolution would also be concen-
trated. If this focused flow resulted in a 10-fold increase in recharge at the
joints and fractures, it would take only about 3,300 years to develop a l-foot
cavity in such areas.

Sinclair (1982) useg a similar analysis to predict the rate that limestone
is removed within a 3-mi”~ cone of depression at a well field in Hillsborough
County. At the 1978 rate of pumpage, 1 foot of limestone would dissolve through-
out the area of influence in about 1,700 years. Thus, the rate of limestone
removal caused by pumping is two or more times greater than the natural rate of
removal indicated for the Bartow area.
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Sea Levels

Fluctuations of sea level with respect to the land surface have been an
important factor in the development of karst of west-central Florida. Periods
of submergence and deposition of limestone have alternated with periods of land
exposure and erosion and dissolution of carbonate rocks.

The most recent changes of sea level were in response to climatic changes
during periods of glaciation in the Pleistocene Epoch. Seawater was retained on
land in continental glaciers and sea level was as much as 400 feet lower than
its present (1984) level. The Gulf Coast of Florida was at least 300 miles west
of its present position. Many of the karst features of the limestone are related
to Pleistocene sea stands and ground-water levels.

During periods of low sea level, ground-water levels were correspondingly
low and water-table conditions probably prevailed in much of the limestone un-
derlying the present peninsula. Perched water tables probably were present in
the surficial sand where the sand was separated from the limestone by clay.
Ground-water circulation and karst development were most active at the surface
of the water table. The lower sea level lowered the base level toward which
surface runoff and ground water would flow and affected rates of recharge,
levels of the water table, and even directions of ground-water flow in some

areas. Conduits and cavern systems likely developed at the base altitude
established by sea level.

The effect of high sea levels was to fill existing karst features with
sand and clay by wave action and coastal currents. Sediments associated with
this inundation were principally silica sand and clay deposits in the northern

areas. Calcareous reefs and reef-associated sediments were deposited from near
the Alafia River southward.

Many beaches and terraces have been defined in west-central Florida, but
recent studies suggest that the terraces and beaches above about 100 feet are
probably pre-Pleistocene or, perhaps, structural in genesis. Along the ridge
areas and where the land surface is above 100 feet in altitude, sinkholes and
sinkhole lakes are well developed, fairly large, and may be in a mature stage
of development. The ridges, for example, probably have not been inundated by
the sea since Miocene time or about 5 million years ago. The many large sink-
hole lakes and internally drained depressions in the central ridges attest to

a long, uninterrupted period of weathering, solution, and subsidence of lime-
stone bedrock.

Most of the topography below an altitude of 100 feet is relatively sub-
dued. The valley of the Green Swamp and the Withlacoochee River (fig. 1), for
example, was inundated several times during the Pleistocene Epoch. Coastal
currents and wave action developed a relatively flat surface on the surficial

fill within that area even though the bedrock surface buried beneath the sand
and clay is very irregular.

Ground-water circulation that occurred during the highest stands of sea
level probably was confined to the ridges and adjacent areas. Movement of
ground water probably was sluggish because of the relatively flat gradient
and lack of head to move the water. Solution of limestone was greatest at

and immediately below the top of the limestone where most recharge of corro-
sive water occurred.
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WARNING SIGNS

Sinkholes induced by man's activities can be expected to increase in
frequency and are particularly hazardous because many occur in populated areas
(Sinclair, in press). Although the occurrence of sinkholes can be abrupt, there
are signs that warn of possible collapse, such as:

1. Slumping or sagging--slanting fence posts or other objects; doors and
windows that fail to close properly.

2. Structural fajilure--cracks in walls, floors, and pavement; and cracks in
the ground surface.

3. Ponding--ponding of rainfall where it has not ponded previously.

4. Vegetative stress—--wilting of small areas of vegetation because of lowered
water table caused by drainage through a developing sinkhole.

5. Turbidity in well water--turbid water in nearby wells during early stages
of sinkhole development.

Surface erosion by rivers is well understood, visible, and subject to
some control by man, but subsurface erosion is difficult to trace and the pre-
diction of potential collapse is difficult or impossible. Buildings, bridges,
and other structures can generally be designed in a manner that will mitigate
damage. However, reliable methods for the prevention of or prediction of ex-
act time and location of sinkhole occurrence have not been developed. Aerial
photography, geophysical surveys, and test-well drilling are time-consuming
and expensive approaches to detection of cavities at depth, but have not
proven to be consistently effective in detecting cavities.

TYPES AND FEATURES OF SINKHOLES

Types of sinkholes that are common to west-central Florida include:
(1) limestone solution, (2) limestone collapse, (3) cover subsidence, and
(4) cover collapse (Sinclair, in press). Limestone-solution and limestone-
collapse sinkholes usually occur in areas where limestone is bare or thinly
covered, but may also occur where cover materials are thick. Cover-subsidence
and cover-collapse sinkholes usually occur in areas where there is a thick
cover of material overlying the limestone. Descriptions of sinkhole types and
factors that affect their occurrence are summarized in table 2.

Sinkholes in Areas of Bare or Thinly Covered Limestone

Throughout much of the northern part of west-central Florida, cover
material overlying limestone is less than 25 feet thick (fig. 13). Generally,
the cover material is very permeable, and the effect, in terms of solution
development of the limestone, is similar to that of bare limestone exposed to
weathering. Solution of limestone and sinkhole development are greatest at
the surface and in near-surface joints and fractures and generally decrease
with depth.
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Table 2.--Principal features of the major types of sinkholes

[From Sinclair, in press]

Sinkhole type

Limestone solution

Limestone collapse

Cover subsidence

Cover collapse

Cover material

Limestone bare or
thinly covered.

Limestone bare to
deeply buried by
cover material.

Incohesive, perme-
able sand, as much
as 50 feet or more
thick.

Generally 5 to 100+
feet thick. Incohe-
sive, permeable sand
grading downward to
clayey sand with rel-
atively cohesive,
poorly permeable clay
overlying limestone.

Ground-water
levels

stone.

Water table generally below top of lime-

Water table may be
in sand or below top
of limestone.

Water table in cover
sand perched above
and leaking through
poorly permeable
clay. Artesian water
level in limestone
generally below water
table but above lime-
stone surface,

Sinkhole Imperceptibly slow Cavities develop Imperceptibly slow Solution-enlarged
development subsidence of land only at depth be- subsidence of land joints at limestone
surface by removal neath limestone sur- | surface. Only very surface are bridged
of limestone in face where they en- small cavities are by overlying cohesive
solution. large by upward col- | likely to form at clay until bearing
lapse of the roof, limestone surface strength of clay is
layer by layer, un- | because incohesive exceeded. Cavity
til the limestone sand moves continu- | moves upward by roof
roof is too thin to ously or spasmodic- spalling until it ap-
support itself and ally downward to oc-| pears abruptly at
collapses abruptly; cupy space formerly land surface. Sink-
a relatively rare held by dissolved hole size controlled
occurrence in terms limestone. by bearing strength
of landscape devel- of clay, usually re-
opment. Sinkhole lated to clay thick-
size controlled by ness.
bearing strength of
limestone roof and
depth of cavity.
Activities that Declines in ground-water levels, particularly abrupt declines and
commonly trig- fluctuations due to pumping from wells, are the most common fac-
ger sinkholes tors that trigger collapse.
Impoundments, such as reservoirs and holding ponds, may load the
land surface and provide a source of water that percolates down-
ward, eroding cover material into solution cavities. Diversion
of surface drainage by roads or paving of large areas that con-
centrates runoff may also accelerate internal erosion.
Static loads (buildings) and vibratory and harmonic loads (heavy
equipment, trains) may be sufficient to trigger collapse of cavi-
ties at shallow depth.
Effects of Slight. Slight. Collapse Small-scale piping Collapse commonly in-
activities may be induced where | commonly induced. duced.

water table is above
limestone surface.
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Limestone-Solution Sinkholes

In areas where limestone is covered by thin layers (less than 25 feet)
of soil or overburden, solution of the limestone is most active at the lime-
stone surface. The most common type of sinkhole in these areas results from
subsidence that occurs at roughly the same rate as the dissolving of the rock.
Dissolved limestone and insoluble residue are carried along enlarged fractures
as solution of limestone progresses. At many places, actual voids do not form
because subsidence occurs gradually as the limestone dissolves. The result is
a gradual lowering of the land surface and development of depressions that col-
lect more surface runoff as the depression's perimeter expands (fig. 23). This
type of sinkhole commonly forms as a funnel-shaped depression. The slope of its
sides is determined by the rate of subsidence relative to the rate that surface
material is transported into the depression. Surface runoff may carry sand and
clay particles into the depression and form a relatively impermeable clay seal
in its center. If percolation is restricted by the clay seal, a marsh or inter-
mittent lake generally forms in the depression. Limestone solution and subse-
quent land subsidence are common in karst areas. The process produces an
undulating topography throughout much of the northern part of west-central
Florida, particularly in the northern part of the area.

Limestone~Collapse Sinkholes

The most obvious type of sinkhole occurs where a solution cavity expands
in size until the limestone roof collapses (fig. 24). Collapse is generally
abrupt and at times catastrophic. Limestone-collapse sinkholes may occur in
any area of soluble rock regardless of the depth of the rock. However, they
occur most often in areas where limestone is at or near land surface and where
the water table is below the limestone surface. Ground-water circulation is
most vigorous at, and just below, the water table where solution of limestone
is accelerated. Other causes of accelerated solution at certain depths may be
the occurrence of bedding planes in the limestone or changes in rock composi-
tion that concentrate the flow of water.

Limestone is commonly exposed in the vertical or overhanging walls of col-
lapse sinkholes. The walls are usually irregular in shape because of joints
and fractures in the rock. Surface drainage and accumulation of sediment will,
eventually, smooth the sides and reduce their slopes until they are not distin-
guishable from other types of sinkholes.

Although limestone-collapse sinkholes provide dramatic local topography,
roof collapse is relatively uncommon. Dissolution at the limestone surface
and in near-surface joints is more likely the dominant process in landscape
development. Thus, limestone-collapse sinkholes are relatively uncommon in
west-central Florida, except for a coastal strip along Pasco, Hernando, and
Citrus Counties and a small area in Levy and Marion Counties in the extreme
northern part.
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a.
Rainwater percolates through joints in limestone to
the water table. Highly transmissive joints dissolve

faster than others.

C.

Sinkhole intersects the water table. Rate of

dissolution is greatly reduced and may be less

than surrounding area.

b.
Differential solution of bedrock is expressed by a
depression at land surface that funnels water to

the enlarged joints.

d.
Sinkhole is expressed as a shallow sand-filled
depression because of clay and clayey sand

filling and subsidence of surrounding limestone.

Figure 23.--Stages in development of a limestone-solution sinkhole.
(Arrows indicate direction of water movement.)
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. Sofl washes into depression and
obscures its origin. Breakdown and
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limestone.

Figure 24.--Stages in development of a limestone-collapse sinkhole.

(From Sinclair, in press.
movement. )
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Sinkholes in Areas of Thickly Covered Limestone

The thickness and composition of unconsolidated material that mantles
limestone controls, to a large degree, the shape and size of sinkholes. A
thick layer (more than 50 feet) of dense clay may have sufficient bearing
strength to bridge a limestone cavity of considerable size (more than 50 feet
in diameter). When the clay finally fails, the resulting sinkhole will be
relatively large and will probably form abruptly.

Where limestone is buried beneath a sufficient thickness (more than
100 feet) of unconsolidated material, sinkholes are less common. If the over-
burden consists of incohesive sand, an upward-migrating cavity will be dissi-
pated by a general lessening of density of cover material over a large area,
and the result will be a relatively extensive subsidence of the land surface
that occurs over time. Generally, subsidence of this type may go unnoticed
for several years. 1If the overburden is clay, its low permeability may impede
downward movement of ground water and retard development of solution cavities
in the underlying limestone. For this reason, areas underlain by thick layers
of relatively impermeable clay generally are not affected by sinkholes.

Cover-Subsidence Sinkholes

In areas where the limestone is covered by materials that are relatively
incohesive and permeable, sinkholes develop by subsidence (fig. 25). The water
table in the surficial aquifer is above the potentiometric surface of the
Floridan aquifer, and head differences between the aquifers largely determine
the rate of downward movement of water into the underlying limestone. Dissolu-
tion of the limestone is greatest during the early development of a sinkhole and
is smallest after the sinkhole intersects the potentiometric surface (fig. 25d).
Under these conditions, individual grains of sand move downward in sequence,
replacing limestone that has dissolved. Areas where sand cover is as much as
50 to 100 feet thick may develop cover-subsidence sinkholes that are only a few
feet in diameter and depth. Their small size and mode of occurrence are due to
the fact that cavities in the limestone cannot develop to appreciable size before
they are filled with sand. The thousands of cypress heads in west-central Florida
occupy depressions formed by cover-subsidence sinkholes.

Cover-Collapse Sinkholes

Throughout much of west-central Florida, the sand cover hecomes increas-
ingly clayey with depth and a layer of dense, impermeable clay commonly overlies
the limestone surface. The clay component provides a degree of cohesiveness to
the cover material that allows it to bridge a developing cavity in the limestone.
The result of failure of the bridge is a cover-collapse sinkhole whose dimensions
are related to the size of the cavity and the bearing strength of the clay.
Cover-collapse sinkholes form by the same general mechanism as cover-—subsidence
sinkholes. The distinction between the two types of sinkholes is whether the
cover subsides slowly or collapses abruptly. The rate of cover subsidence is
controlled by the degree of cohesion or bearing strength of the cover material.
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THICK SAND
WATER TABLE

POTENTIOMETRIC SURFACE

CONFINING BED

v

FLOW TO
DISCHARGE
AREA

a. Rainwater percolates through incohesive b. Differential solution of bedrock is expressed

deposits to underlying limestone. Highly by a depression at land surface that funnels
transmissive joints dissolve faster than water to the enlarged joints.
others,

c. Sinkhole intersect§ the water table and d"Binkhole spreads laterally faster than it
cypress'tre.es begin to grow. Rate of_ subsides. A cypress dome forms with old
dissolution is reduced because there is trees in the center and young trees on
less head difference between the water the perimeter.

table and potentiometric surface and,
thus, less percolation.

Figure 25.--Stages in development of a cover-subsidence sinkhole.
(Arrows indicate direction of water movement.)
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An example of stages in the development of a small cover-collapse sinkhole
near Tampa, where the limestone is covered by about 4 feet of clay and 30 feet
of sand, is shown in figure 26. The geology is typical of much of west-central
Florida where clay separates the surficial sand from the limestone below. Solu-
tion cavities develop near and at the top of the limestone where acidic water
leaks downward through the clay (fig. 26a). The clay layer overlying the lime-
stone may bridge the cavity for a considerable time by virtue of its cohesive
strength, but eventually the clay will collapse as material continues to fall
from the cavity roof (fig. 26b). The cavity then develops rapidly upward by
piping as the relatively loose sand flows downward. This process is acceleated
by water that percolates through the sand and the breach in the clay to the
limestone cavity. The photograph at the top of figure 26c was taken in 1971,
shortly after the sinkhole appeared. The top of figure 26d shows the same sink-
hole in 1981. During the 10-year period, the only visible change that occurred
was surface material eroded into the depression.

Where clay fills the limestone cavity, downward movement of water through
the cavity may be diverted because the clay is less permeable than the surround-
ing limestone. Where the clay layer does not completely fill the cavity, down-
ward movement of water from the upper sand is enhanced by disrution of the clay
layer and by increased surface drainage into the expanding depression at land
surface. The sinkhole may then be further enlarged by additional collapse or
subsidence.

The thickness and composition of unconsolidated material that covers the
limestone have an important effect on the shape and size of land-surface col-
lapse. A thick layer (more than 50 feet) of dense clay may have sufficient
strength to bridge a large-diameter cavity whose limestone roof has collapsed
into a solutionally enlarged joint in the limestone. When the clay layer fi-
nally fails, the resulting cover-collapse sinkhole will be relatively large and
will probably form abruptly. The width of the cavity at the limestone surface
may not be as great as that in the clay, or as great as the diameter at land
surface. The limestone cavity may be a deep, small-diameter conduit through
which debris is transported by gravity and ground-water flow. The size of the
sinkhole at land surface is proportional to the thickness and bearing strength
of the cover material and the volume of the underlying cavity.

Collapse of cavernous passages may occur at considerable depth (50 to
200 feet) beneath overlying rock formations. The overlying rock layers may
(1) collapse at the same time as the roof of the cave, (2) may bridge the cav-
ity before eventually collapsing, or (3) if the rock is not too brittle, may
sag or slowly settle into the cavity. In the first two instances, sinkholes
appear abruptly at land surface. If the rock sags or settles, sinkholes form
by gradual subsidence rather than by abrupt collapse. Cover-collapse sink-
holes occur most frequently in the midsection areas of west-central Florida.
They commonly occur in the ridge areas, but have also occurred as a result of
pumping in areas of Hillsborough and Pasco Counties.

Induced Sinkholes

Induced sinkholes are caused by man's activities, whereas natural sink-
holes are not related to man's activities (Newton, 1976). Induced sinkholes
consist of two types: those that result from water-level declines caused by
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ground-water withdrawals and those that result from construction. TInduced
sinkholes are common in developing areas of west-central Florida. Their
occurrence can be expected to continue as the area develops.

Sinkhole Collapse Related to Ground-Water Withdrawals

The Upper Floridan aquifer is recharged primarily by direct infiltration or
downward leakage from overlying aquifers. This occurs in areas where the water
table or potentiometric surface of the overlying aquifers is higher than the
potentiometric surface of the Upper Floridan aquifer and where confining beds
that separate the aquifers are thin, discontinuous, or breached by sinkholes,
faults, or other openings. In areas where the Upper Floridan aquifer is con-
fined, recharge increases when the aquifer is pumped. The increase in recharge
by leakage is directly proportional to the head differences between aquifers
caused by pumping. That is, the greater the head difference, the greater the
leakage through the confining bed into the Upper Floridan aquifer. Ground-water
withdrawals can accelerate sinkhole development, particularly during dry periods
when water levels in the Upper Floridan aquifer are low. Lowering of water
levels by pumping results in loss of the water's buoyant support of unconsoli-
dated material that overlies cavities in limestone. If the competency of the
overlying layer is exceeded because of the increased weight, the effect is a
collapse of the material into the limestone cavity.

Stewart (1968) documented a sinkhole that developed because of pumpage at
the Section 21 well field north of Tampa (fig. 27). The limestone in the well-
field area is overlain by a dense, relatively impermeable clay layer that aver-
ages about 4 feet in thickness (fig. 26). The clay is overlain by about 30 feet
of sand. The area is a Pleistocene terrace whose main topographic relief is
that caused by development of sinkholes.

Records of pumpage and water levels in the Section 21 well field are shown
in figure 27. Prior to early 1964, pumpage was about 4 Mgal/d, and the head dif-
ference between the water table and the potentiometric surface was about 10 feet.
By May of 1964, pumpage in the well field had increased to nearly 15 Mgal/d.

The pumping caused the head difference between water levels in the surficial
aquifer and the Upper Floridan aquifer to increase from about 10 to 15 feet.
Thus, stresses across the confining clay layer increased. In areas where cav-
ities were near critical conditions, that is, approaching the point where their
roofs would collapse under natural conditions, the sudden increase of downward
pressure hastened roof collapse. During the period of pumping from February
through May 1964, 64 new sinkholes were reported within a l-mile radius of the
well field (Sinclair, 1982).

An example of the effects of large ground-water withdrawals from the
Upper Floridan aquifer on sinkhole development was also documented in a 7-mi
area near Dover (fig. 1) in eastern Hillsborough County (Hall, L. E., and
Metcalfe, S. J., Hydrologists, Hillsborough County, written commun., 1977).
During the period January 17-24, 1977, air temperatures dropped to about 25°F,
and to protect strawberry crops from freezing, growers spray irrigated through-
out the freeze period. The intensive irrigation caused withdrawals of several
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Figure 26.--Stages in development of a cover-collapse
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Figure 36.--Cross section of a cover-collapse sinkhole beneath Deep Lake
near Arcadia. (Modified from Wilson, 1977; Sinclair, in press.)

sinkholes is somewhat skewed because of the method of data collection and land-
use factors. For example, very few sinkholes are reported from rural areas
such as farms, limestone quarries, phosphate mines, and forests, whereas many
sinkholes are reported in developed areas. Many of the reported sinkholes are
in Polk County because the county's Department of Public Safety monitors sink-
hole occurrences. Thus, more sinkholes are reported in Polk County than in
other counties that do not have sinkhole monitoring programs. The list does
not include the many sinkholes caused by ground-water withdrawals for frost-
freeze protection or well-field development because of inadequate documentation
on many of those occurrences.

67



*31ses 13199J (T ST °[OoYNUIS puodss y 0O €00 €00 €00 6/ (O €0 87 HALT S8T
*Aap Kaap JeTd MUTS 0 900 900 900 08 2T T0 LT ALT S8T
*MUTS JO I23UdD UT TT[AM YOdUuI-7 700 €00 %00 9/ 20 L0 2T HALT S8T
900 800 18 20 90 7z AT S81
*Kap Kasp JeTd =2d1d 0 €00 €00 €00 LT dLT S8T
Jetd 2drd 0 €00 OO TOO €4/ 60 L0 80  HLT S8T
*013Jeal ‘Aap Axap Mol urs 0 800 %00 %00 08 L0 ZO 0Of€ HZZ SIT
0 900 010 OT0 SZ 6z 10 ¢1 dAT1C SIT
adtd Q0 %00 700 TO0 €L IT LT d0C SLT
0O €00 ZOO 200 69 0T 60 Hd9T S/IT
adId 0 900 %00 %00 Tf TT 81 dTz 991
0 G00 ST0O STO 69 0T €T 3T 99T
0 €00 200 20O 69 0T G¢ @91 S9T
mor 2did 0 SO0 200 20O €4 YT 90 S€  HOT S9T
*39931 9T
j¥oo1 o1 yadsp 3993 7T Aa3em o3 yideq moyp =2did 0 900 900 900 €/ 20 I0 %Z H9T S9T
900 %00 SO0 8. 90 TO TE ATZ SHT
*But3iserq ‘Aiap Lisp 2dtd 0 €00 €00 €00 %L 7O %0 7T dIZ S¥T
‘urel ‘3jem AI9A adoTs 0 OT0 2t0 2I0O 9/ €¢ SO Zz 41z S%I
*Bur3serq ‘Aap Lisp mor 2d1d 0 900 900 900 %L 20 YO ZZ dIZ S¥T
*3ur3iseq ‘Lip LioA mor =2drd 0 %00 800 800 Y%L TO %0 7T dAIZ S¥T
*Kap KIsp ysty @2dtd 0 %00 TO0 TOO %L Iz €0 %0 dATZ SYT
*3em AI9p adoTsg 0O 900 900 900 %L/ GI OT 8T dIz SET
*31993 ¢ o0x o031 yads( y3tH 0O 900 900 900 %/ %¥Z %O €T H6T SET
*Jom L19p 1eTd 0 900 800 800 %/ T0 60 %€ H8T ST
*Jem KIsp Jetld 0 €00 900 900 %/ T0 60 %€ AT STT
TS ys d a M 1 X a It S b i
S reusy 2U21INO20
uotadrIosae(q UuoT3®BO07]
Jo @3e(Q

‘yaptm ‘yaduay
caeak ‘x ‘Aep ‘g fyauow

‘W

$20U21aINnd00 JO 33e([

S9TOoUNUTS paliodal Jo Kiojusaul--~‘¢ 2T[qeL

[y3azou woiy s92139p ur st Juraeaq ¢3997 ur 2ae yidap pue
*odors ‘1s fedeys ‘yg {8uraesq ‘g fyidep Q@ fyapIm ‘M {yaSuer ‘1
*uoT303s ‘g ¢o8uea ‘Y fdrysumol g

:uot3dTaosaqg
fuot3ed07]

68



OT0 210 €TI0 08 80 T0 %€ d9T S%C

*pa3usuwad A7xo0od ‘Murs Jo I193u9d UT TTOM Jjeld =2did 0 G600 600 600 6/ 8¢ IT LT 91 S%C
800 €00 %00 L./ I¢ 60 LT 391 Swe

*39Mm AI9p 0O %00 TOO TO0 %/ L0 80 €7 H9T S¥C

*Aap Las9p 0 OTI0 0SS0 0S0 %/ 9T 20 T0 H9T S¥¢

3urTTOo¥ 0 0€0 00T 00T Gg H07 S€T

*jom Ka9p o2doTs 0 % 00T 00T 9./ GO L0 ¥%g d0C S€C

adoTs G0 %00 GS00 S00 T8 %z TO0 1Tz dH0T S€T

0O 800 STO STO 89 TO TO €0 H0Z S€C

900 OT0 GSTI0 6L/ 61 60 T¢ 6T SE€T

adoTsg GO0 TOO0 TO00 9/ T0 60 ST d6T SE€T
*39923 97 ooa 03 yidop ‘uoriualala i9leM 2dtd 0 €00 OI0O OT0O OL 80 60 9¢ H8T S€T
GO0 L00 OT0 8/ 20O TO 9¢ d8T S¢€T

‘eaJe url suorssaidep JTews Auey Z00 O0TI0 100 €¢  d/T seT
%00 600 8./ %1 C¢0 LT ALT S€C

*JUTs ur TT°3F durydew JuTTTTAQ JeTd 0 8I0 STO GI0 T8 T0 90 OT ALT S€C
0 GI0 GS€0 GS€0 9. €0 TO ¢ HOZ ST

*(GL6T) uewlTVy pue 3y3tamieoq JeTd MUurs 0S¢ 00 O€T OST %/ 61 60 TO dLT STC
*3993 ¢ a93em o031 yadeq %00 800 800 8. 8¢ L0 9¢ dZr SIC

1eTd 0O %00 %00 %00 %L 61 L0 80 HET S6T

800 800 %00 08 LTz €0 €T 4dIZ S6T

0 GZ0 620 LL 0T 90 € d0T S6T

TO0O ST0 020 ZL €0 90 7€ 30T S6T

S0C 900 800 8. %O %O T H0TZT S6T

€00 TIO CIO 9/ TZ %0 9T d0T S6T

Jetd odid 0 L00 600 600 €/ 9T 20 8Z ALT S6T

*oToyNuls Uur TIo3F I9zoplIng €00 €00 €00 9/ ST L0 92 HLT S6I

0 900 SO0 SO0 L %I TT TIT¢ LT S6T

*3993 QT 201 03 yidaq 2dtd 0 ZTI0 €00 €00 9/ 80 80 GO HZZ S8T
°2d1d 0 €00 €00 €00 ¢/ 1T T %0 HAZC S81

TS ys q a M 1 X a It S q L

SAIEURY 20U3I1INDD0
GOHu&HHOmOQ 10 a3eq uoT3ed007]

pPoNUIJUO)~--S3TOYNUTS Ppoliodal JOo L10JUSAUI--°{ OTqEB]L

69



0TO TZ0 €20 6/ TZ SO 6T H9T S92
*PoTTTy Arasdoadwt Yurs ISTTIeY ¥00 %00 <600 (L TZ L0 87 H9T S9C
*Kap Lasp jerd =drd 0 600 800 800 7/ 10 2T 1€ dST S9¢C
‘urey S00 800 600 6/ T 0 € AST 89T
ST0 TZ0 620 0z d%7 SST
*Aqaeau JUTTTTIP JOTAQ MBI JO d9I0Ys U]l  DI0YSINET] ST  G00 %00 900 60 30Z SST
mol 2drd (0 %00 €00 €00 T/ €T OT %€ d6T SSC
L00 800 800 8. ST %0 07 HE6T SGT
Jetd 0TO 900 <TI0 T8 LZ SO 60 H6T SST
Jetd G¥0 €00 900 800 T8 87 €0 6 dAYT SSC
‘yinos 3993 (7 MUIS PuodIds y 0 900 GO0 GO0 8. TZZ C¢O0O %0 A8T SST
600 TITO 210 (L LT 6O I€ HLT SST
0 200 €00 €00 ./ T0 OT 9¢ H9T SGC
O0T0 8T0 6TO £/ 8T L0 TZ 99T SGT
‘eaJe ut SUITTTIaQ 600 %00 GS00 Z/Z L0 90 ST d9T SGT
‘utel ‘3am Lasp Jjetd MUIS (0 %00 20O ¢COO 8./ IZ 80 ST H9T SGT
0T d9T SS¢
0T0O 900 <2I0 6/ GZ OT €0 d9T SST
*)NUIS I9PTO UT ST MUIS “qUIs ureiq PTO 900 €00 900 6/ ST 80 20 d9T SGT
*Kap Kaap €00 %00 S00 6/ 6T OT TI0 dA9T SGT
ATTTH %00 700 €00 8L 90 SO %€ ATZ S%C
*3993 ¢ oox o3 yidep ‘ureap-x ‘3Iom Aidp ySTtH 0 G600 70O 200 %. 60 60 8Z dAIZ S%C
*o)el Trews Zulureap uedaq NUIS 9Z0 800 <210 8. 60 20 Tz dATT S%¢
‘urey 2dtd 0 Z00O 800 800 T/ 90 IT 2ZZ H8T S%C
*3993 4 193em o1 yidep ‘Aiap Lasp Mo 0 %00 800 800 %,/ €7 OT ZC H8T S%C
*3993 © 193em 03 yidop ‘Aip Lisp Mo 0 600 ZI0 210 %/ €2 OT ZZ 48T S¥%¢
*93Ts 3Je JUITTTAp ‘3I993F CT a23em o3 yidsqg adoTs 0 00 0/0 €/ 7T T LT 48T SwC
ELA 0 <G00 %00 %00 L/ 8T O 10 48T S%C
020 GZO0O 060 8/ 90 €0 SZ LT S¥C
jetd 2did 0 %00 %00 %00 €/ €0 TO 90 ALT S%T
TS ys q a M 1 X a i S b L
syaeway d ERICEE §1tvie]e]
uot31dTaossQq 10 @78 UOT38207]

PoNUTIU0)—-SOTOYNUES pa3iodaa JO AI0ojusAul--°¢ 3Tqel

70



*20uapISqng 08 G0 SO 9T H8T S8T
*s1e9k JU9D81 UT SHUTS JTBWS TBRIDADS 1e1d 0 G00 010 OTI0 6/ 8 €0 9T H8T $S8C
181l 0 OT0 G20 G20 SZ 0CZ 90 O 8T $S8C
2did 0 €00 900 900 I/ %I 60 €0 HAQT S8
*3993 Gz d0x 03 yadeg 1eTd 0 GO0 910 910 %9 €CZ €0 10 HET S8C
Jetd 2dtd 0 TE0 €00 €00 8L G0 G€ HLT S82
‘poraad 1e9L-7 ®B SUTINp 2OUIPISINg %00 600 ST10 [/ %€  AGT S8C
a21oysaye] 0 €00 GIT GLT T8 8T SO %€ HdGT SLT
*SUTITTTIP ‘3om K19p IeTd 0 2?00 020 0C0 %L 9T GO ¢0 dIST SIT
STO TZ0 670 18 6T GO 0T dA%T SLT
*3923 GT 193em 03 yadep ‘urea ‘1om Aiap y3rH 2drd 0 S00 OTI0 OTI0 %/ GZ €0 91 dA%Z Sl
‘auolsawr] osuuemng ‘Lip Liap I1BTd YurS Q0 Y00 2TI0 CI0 L/ 10 SO €T H6T SlzZ
*90UlpTISqNg T°0 900 900 08 %I €0 LO dA6T SLT
*A73u9091 ®BOI® UT SYNUIS TTRWS AUBK 09¢ %00 GS00 [LTIO SL €0 SO0 Gg 48T S/C
09¢ 700 %00 [OO S/ 80 L0 S€ HQT SLIC
*3urdund o3 onp AT73usaedde souapisqng 18 G¢ AT S/C
*97qe] 1923BM MO 1eTd 0 T1T00 OI0 OTO0O %/ %Z 90 ST dA8T SLT
a1oys9ae] 0 OT0 970 9T0 €/ 60 80 TIT dALT SLT
*PT9T3 TIoM OOsed Yinog iedN 0O O0f0 GE€O G€0 € €T 80 OT HALT SLT
0 700 2790 290 2L 61 %O 60 ALT SIT
*yijuow ur SuUOT
-Te8 000°0zz Podund ‘umel mdU paIBITIAT 3eTd YurS 0 900 8T0 Q8I0 T8 8T €0 [z 3ST SIT
jerd @2drd 0 €00 €00 €00 €/ 6Z 80 9T HAIZ S9C
1BTd 0O €00 200 ZOO I8 LI 20 6T d6T 1S9z
Mol MUIS (0 €00 SO0 GO0 08 6T €0 €T Hd6T S9C
‘utrey 800 600 TIO0O 6/ Of 80 T0 46T S9¢C
€00 €00 GOO 8/ 8T %O ¢€ H8T $S9¢
IBTd 800 800 <CI0O €/ 82 80 € 8T S9¢
2dtd 0 %00 €00 €00 O/ €T L0 %T ALT 1S9
‘utey 600 Y10 (LI0 6/ 92 €0 1€ Hd9T 1S9z
‘urey 0O 800 T2Z0 TZ0 6/ 60 20 0fE H9T 1S9
1S ys g a M 1 X a 12t S g h
m&umﬁmm d 22U21INI20
uoT3d1a983(Q 0 @3eqQ UuoT3Ird07]

PONUTIUO)Y~--SITOUNUTS poaiiodal Jo Aiojusaul--°g ITQe]

71



*1993 g 193Em 03 yidep ‘Iam Lidp Y8TH MuIrsS O 800 <CTO0 210 6/ TI€ 60 gz dAST S6C
3utleTnpup 0O G€0 O0€T OET T8 TO GO0 €T 967 S6C
°2dTd 0 900 900 900 I/ TIT 80 10 dST S6Z
0 080 GZT SZT 99 9¢ AT S6T
0 0% 00Z 00T /9 €Z  A¥Z S6C
0 0.0 O0ST OST /9 ST 9% S6C
0 060 090 090 T/ #T AT S6C
‘urey 0 040 GI0 GZ0 %L 60 L0 LT dE€Z S6¢C
*SurTTTrap Sutanp padoTsAdp SHUTS 29Iyl °Tems 3ITNW 09€ GO0 020 O%0 18 ZT d0Z S6¢
*UOTIONIISUOY Yy3TH 0 GI0 ST0 SI0 %, 22 80 %0 30C S6¢C
JeTd 0. €00 €00 €00 T8 SCZ €0 20 dLT S6C
0 0.0 00T OOT 99 67 A%T S87
‘uTeap-X ‘3993 ¢z I93em 03 yadeq 0 G€0 O¥0 O%¥0 9/ TI G0 8T dA¥Z S8C
*3993 T a93em 03 yidop ‘Kip Lasp nog 0 GTI0 %20 %70 %L TIT G0 0C 9ZZ S8C
8urrTod 900 %00 800 G d0Z S8T
*puod juenTiye poleail ur podoTaAsp Murg Suriernpuf 0 700 200 T8 O0f S0 60 HOZ S8C
*3som 1993 9 Bursed [Tom TInd 03 paTiL 28pry 2drd 0 %20 %00 %00 08 10 €0 SO0 HA0C S8C
a2doTs 0 G670 G20 620 S/ €0 90 TI¢ d6T S8C
JeTs @#drd 0 (00 »TO0 %10 8. O0O€ I 87 46T S8C
€00 200 €00 %/ 8T 80 %Z dA6T S8Z
€0 %00 200 €00 %L 8T 80 %7 H6T S8BT
*dTTW G*(Q uTylTA p/TESK ¢ 7 Surdung 1814 0 620 0€0 0€0 S/ 2T 80 (LT 46T S8C
Burjernpun °drd 0 LZ0 €00 €00 /L G0 %I 46T S8Z
‘uorssoaadap
PoTIT3 @317 uUO 17Tnq sawoy ‘2d2usprsSqng J1eTd 09¢ 100 (00 0TO0 6/ 80 S0 TIT dI6T S8C
*g2d® UI UOTIONIISUO) IeTd 0 700 200 200 8/ IT L0 36T S8C
Surjernpuy =drd 0 OI0 200 200 6L LT SO 90 dA6T S8T
adtd 0 %00 OTI0 OTI0 69 0T G0 46T S8C
*B91® UT SUOTSsaidop JTews TBIDAdS GO0 €00 SO0 9/ 8T GO GO A6T S8C
0 %00 900 900 08 90 GO LTz 48T S8C
ok UOT]ONIA]SUOD numwm
€z YMo01 03 yadep “3993] £ I93em o1 yideqg 9 € 70 €T HQT S8
TS ys gq a M 1 i a 101 S dq 1
SAAEUSY d J2UVDIINDD0
uotidTadseqg j0 @38 uoT31®'O07]

pSNuUTluo)--SaTOUNUTS paijiodal Jo AIojusAaul--°¢ 9Iqel

72



*1993 g% I93em 031 yidep ‘Lap LxeA 060 00T OfT %L 0 %0 9T 17T STIE
*3993 Q0T 201 03 yidaq 0 O0ST 00Z 00Z /L9 #T 467 SOE
*31993 6 Yoox o3 yadsp

‘3993 Gz I93em 03 yidep ‘urex ‘3am LI\ 0 670 OTO OT0 %£ GZ €0 L0 dGZ SO¢
0 090 090 090 99 90 dIGZ SoO¢f
0O 0% 0S0 0S0 /9 90 3IGZ SO¢E
0 090 090 090 (9 90 36T SO¢E
0 GI0 0ZT 07T 89 90 367 SOf
0 GI0 0€0 O0O€£0 89 90 467 SO¢
GT0O 0%0 O0%0 89 90 dSZ Sof
0 0z0 S2T0 620 /9 90 H3SZ SO¢€
0 090 00Z 00Z 8S 90 dIST SO¢
*3om Kasp Mol NMurs 0 OT0 €00 €00 6/ LZ CT 90 3ISZ SOE
0 GE€0 GLT GILTI S9 90 dGZ SO¢
060 TO0 [Z0 0SO %/ 10 SO €0 d€T SOE
Buryrod =2drd 0 900 800 800 T8 80 80 TIf HAIZ SOE
0O €00 S00 SO0 0L TE€ 80 %0 dAIT SOE
*fpein aye] aTems G670 8T0 O%0 G¥0 %L %¥Z SO 9¢ H0Z SOE
*Apean ove] aeaN do3TTIH 0 620 0Z0 020 SL 9T %0 9¢ HO0Z SOE
0 ZI0 620 620 %L OT %0 7T 30 SOE
*BUTTTTIpP “‘19m LIdA no1 0O 2T0 070 020 %L/ 9T LO €0 H.T S6T
Surtro™ 0O GEO0 0€0 0€0 T8 7T LO 9T H9Z S6T
"B9IB  TW-GZ'( I9A0 PIIOU IDUSPISANS ATTTH 0O O0€0 OET OET T8 LZ %0 70 H9Z S6T
*9T3Feal ‘319m Laop nog 0O 800 OI0O OT0 %/ 6T L0 8T dST S6C
*913Jead ‘19m LI9p no1 0O €00 OT0O OT0O %/ 60 LO 8Z HAGZ S6C
‘urey nog 0O O0I0 0Z0 00 %/ L0 L0 8T HGT S6T
‘utey y31tH 0O G°0 0Z0O 020 %/ 8 90 8¢ dST S6T
‘utey y31H 0 €00 910 910 %£/ 0Z 90 8¢ HSTZ S6C
‘urey mog 0O G°0 €00 €00 %/ %0 L0 8T dAST S6T
‘urey Mo 0O %00 €00 €00 %/ GO L0 8Z dSZ S6T
*oT3FBa1 ‘Kap Laep y3tH 0 60 060 0S0 %L %0 90 87 dGT S6T
1$ ys g a M 1 X a " S h: 1
w&uﬂﬁmm UoT mﬁ.HUmw 22U3IANID0
T34t a J0 °3eQ uoT3ed07]

poNUI3lUO)—--SoTOYNUIS paliodel JO Ax03jusaul--°¢ 3TqeL

73



JeTd G600 TO0 ZO00 T8 rA4 LO 6¢C I6T S6¢E
‘3993 ¢ I3jem 03 yideqQ Jetd 0 S00 800 800 18 T2 LO [4 H6T S8¢€
adots 060 600 GTI0 G620 9/ o1 90 €T dH0¢C Szt
0 060 6T7C <77 L9 90 qLC STE
0 060 090 090 89 T H9C STE
0 S%0 00Z 00C 89 7€ 46¢ ST1¢
I8 4ys q a M 1 X a n S q I
S uotydtaose J9UBLINIO0 uoTledo
134T a 30 @3eq T 1

ponuUIu0)~--SaTOYNUTIS paliodai Jo LI03UAUI--°C 2TqE]

74



g82°45' 82°00' gi°l5'
| I I

EXPLANATION
el0

SINKHOLE. NUMBER
INDICATES NUMBER
OF SINKHOLES AT
SITE IF MORE THAN
ONE

SOUTHWEST FLORIDA
WATER MANAGEMENT
DISTRICT BOUNDARY

HARDEE

——
—] r———‘ = HIGHLANDS

| -
DE SOTO J

SARASOTA

CHARLOTTE

27°—

20 40 MILES
)

0]
[\
| I U
(o]

|
20 40 60 KILOMETERS

Figure 37.~-Locations of reported sinkholes.
(Descriptions are given in table 3.)
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Sinkhole data from the Department of Transportation are the least skewed
for any particular area. They report 34 sinkholes in Polk County and 33 in
Suwannee County, a smaller, less developed county in northern Florida. Because
Polk County contains many more miles of right-of-way than Suwannee County, it
seems likely that the data may be skewed.

Given the slow progression of geologic events that lead to sinkhole forma-
tion under natural conditions, it is believed that most recently (since 1960)
developed sinkholes were induced by some triggering factor related to man's
activities. Of the sinkholes listed in table 3, 98 have maximum width-depth
dimensions of 10 feet or less. Twenty-seven have widths or lengths of 100 feet
or more. The largest sinkholes have occurred in areas where the overburden is
thick (more than 150 feet). 1In the Bartow area (Polk County), for example,
where most of the reported sinkholes have occurred, two had widths or lengths
in excess of 150 feet. Of the sinkholes described, about 20 percent had depths
greater than their largest horizontal dimension.

Conclusions cannot be drawn from data on induced sinkholes or recent
sinkholes as to where sinkholes might occur under natural conditions or where
they might occur in undeveloped areas. The sinkhole data in table 3 are listed
to provide a basis for further study and documentation.

Data in table 3 show that sinkholes have occurred during each month of the
year. May had the most reported occurrences (23) and November the least (5).
In general, sinkhole occurrences are higher during the February to May low rain-
fall period when irrigation is high and again in July and August, when surface
loading is increased by heavy rains.

SINKHOLES AS SOURCES OF WATER SUPPLY OR GROUND-WATER POLLUTION

Sinkholes are potential sources of water supply. They are also potential
sources of contamination to existing supplies because of surface inflow into
the sinkholes. As a source of water, Stewart (1977) documented a pumping test
on the Morris Bridge Road sinkhole northeast of Tampa. The test was run for
25 days at an average pumping rate of 4,000 gal/min. Analysis of the data in-
dicated that the sinkhole would be capable of yielding 10,000 gal/min (15 Mgal/d)
on a sustained basis with a maximum drawdown not likely to exceed about 23 feet.
This capacity is equivalent to the production capabilities of some large well
fields in west-central Florida. However, long-term pumping from the sinkhole
probably would cause reduction in flow of a nearby stream.

Tests of Curiosity Sink north of Tampa also indicate suitability of a
sinkhole for water supply (Stewart, 1982). Based on a pumping rate of 5,000
gal/min and a drawdown ,of 2 feet, the specific capacity of the sinkhole is
about 2,500 gal/min per foot of drawdown.

The potential for pollution of the Upper Floridan aquifer through sink-
holes or internally drained areas caused by sinkholes in west-central Florida
have also been documented. Analyses of a water sample collected from a sink-
hole northeast of Tampa suggest that water-quality degradation has occurred.
The concentrations of calcium (37 mg/L), bicarbonate (128 mg/L), alkalinity
(105 mg/L as CaC03), and dissolved solids (144 mg/L) indicate a mixture of
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water from surface runoff and from the Upper Floridan aquifer (Stewart, 1977).
A nitrate concentration of 0.77 mg/L as nitrogen also indicates degradation due
to surface-water inflow or introduction of refuse into the sinkhole.

Analyses of water-quality data for Sulphur Springs at Tampa (fig. 4) sug-
gest water—-quality degradation from several sinkholes 1 to 2 miles upgradient
of Sulphur Springs (Stewart and Mills, 1984). High ground-water velocities in
the area permit most bacteria in the water from the upgradient sinks to survive
the traveltime needed to reach Sulphur Springs.

Most internally drained areas are devoid of perennial streams, and surface
drainage is internal through sinkholes that are directly or indirectly connected
to the Upper Floridan aquifer. In many areas, overland runoff to internally
drained areas is of poor quality, and because of the direct connection to the
Upper Floridan aquifer without benefit of natural purification, absorption, and
filtration through soils and sands, the aquifer can undergo water-quality
degradation.

Aside from the hazards that sinkholes may cause, many are potential sources
of water supply. However, sinkholes provide direct routes through which surface
water can move into underlying aquifers and cause degradation of ground water.

SUMMARY AND CONCLUSIONS

Sinkholes are a natural and common geologic feature in areas underlain by
limestone and other soluble rocks. Abrupt sinkhole collapse occurs infrequently
under natural conditions. Stresses on the hydrologic system, such as ground-
water withdrawals and construction, have caused an increase in the occurrence
of sinkholes in west-central Florida, a trend that is likely to continue.

The dominant factor that determines the ability of recharge water to dis-
solve limestone is acidity of the water. Rainwater is naturally acidic, but
becomes more acidic as it reacts with organic matter in the soil zone. Based on
equations for dissolution of_%imegtone material and a recharge rate of 5 in/yr,
it is estimated that 3.66x10 ~ in~ of the material would dissolve under each
square inch of land in the Bartow area each year. At this rate, it would take
33,000 years to dissolve an average 1l-foot deep cavity. Because recharge is
generally focused in fractures and joints, however, much less time would be
required to create a 1-foot cavity where flow is concentrated.

Four major types of sinkholes are common to west-central Florida. They
include limestone solution, limestone collapse, cover subsidence, and cover
collapse, The first two occur in areas where limestone is bare or is thinly
covered. The second two occur where there is a thick cover (30 to 200 feet)
of material over limestone.

Limestone-solution sinkholes, the most common type of sinkhole in areas of
thin cover, result from subsidence that occurs at roughly the same rate as dis-
solution of the limestone. The sinkholes reflect a gradual downward movement
of the land surface and development of funnel-shaped depressions. Limestone-
collapse sinkholes occur when a solution cavity grows in size until its roof
can no longer support its weight, causing generally abrupt collapse that can
be catastrophic. The occurrence of limestone-collapse sinkholes is relatively
uncommon in the study area.
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Cover-subsidence sinkholes develop as individual grains of sand in the
cover material move downward into space created by dissolution of limestone.
Resultant sinkholes are generally only a few feet in diameter. Cover-collapse
sinkholes occur where clay layers that overlie limestone have sufficient cohe-
siveness to bridge developing cavities in the limestone. Eventual failure of
the bridge results in a cover-collapse sinkhole. The thickness and composition
of materials that cover limestone affect the shape and size of land-surface col-
lapse. A thick layer of clay (more than 150 feet), for example, upon failure
will develop a relatively large sinkhole that forms abruptly.

Large withdrawals of water for water supply, irrigation, or frost protec-
tion may provide a triggering mechanism for sinkhole occurrence. Removal of
water's buoyant support of unconsolidated deposits that overlie cavities can
cause the materials that bridge the cavity to fail and sinkholes to appear.

Such occurrences are common at well fields and irrigation areas in west-central
Florida. Conversely, loading of the land surface by impoundments causes failure
of materials bridging cavities below the impoundment and sinkholes may form. The
impoundments may also provide continuous sources of recharge water that hastens
development of cavities in limestone.

West-central Florida was divided into seven zones based on geology, land-
scape, and geomorphology and how they relate to types of sinkholes that occur
in each zone. The zones are: (1) areas of bare or thin sand cover that have
slowly developing limestone-collapse sinkholes; (2) areas of thin cover, little
recharge, high overland runoff, and few sinkhole occurrences; (3) areas of inco-
hesive sand cover of 50 to 150 feet thick that have high recharge and generally
experience cover-subsidence sinkholes; (4) areas that have 25 to 100 feet of
cover, many sinkhole lakes and cypress heads, and have predominantly cover-
collapse sinkholes; (5) areas of 25 to 150 feet of sand cover overlying thick
clay with both cover-collapse and cover-subsidence sinkholes; (6) areas with
more than 200 feet of cover, numerous lakes and sinkholes, and high land-surface
altitudes with numerous cover-subsidence sinkholes and occasional large-scale
cover-collapse sinkholes; and (7) areas with cover greater than 200 feet with
100 or more feet of clay and where sinkhole occurrences are rare. In areas
where the confining beds are 100 to 150 feet thick, the bearing strength and
leakance of the beds preclude infiltration of corrosive water and development
of sinkholes.

Based on an inventory of 181 reported sinkholes, 98 had maximum widths
or lengths of 10 feet or less and 27 had widths or lengths of 100 feet or more.
Most sinkholes occur during the February to May dry period and during the July
and August wet period. No particular period dominates, however, and no month
is without reported sinkhole occurrences.
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